Results:
The pathophysiology of spinal cord injury associated with regional anesthetic techniques is reviewed in depth, including that related to mechanical trauma from direct needle/catheter injury or mass lesions, spinal cord ischemia or vascular injury from direct needle/catheter trauma, and neurotoxicity from local anesthetics, adjuvants, or antiseptics. Specific recommendations are offered that may reduce the likelihood of spinal cord injury associated with regional anesthetic or interventional pain medicine techniques.
Conclusions:
The practice advisory's recommendations may, in select cases, reduce the likelihood of injury. However, many of the described injuries are neither predictable nor preventable based on our current state of knowledge.
What's New: Since publication of initial recommendations in 2008, new information has enhanced our understanding of 5 specific entities: spinal stenosis, blood pressure control during neuraxial anesthesia, neuraxial injury subsequent to transforaminal techniques, cauda equina syndrome/local anesthetic neurotoxicity/arachnoiditis, and performing regional anesthetic or pain procedures in patients concomitantly receiving general anesthesia or deep sedation. I njury to the neuraxis associated with regional anesthesia or pain medicine procedures is ultimately linked to anatomic and/or physiologic damage to the spinal cord, the spinal nerve roots, or their blood supply. Mechanisms of injury are sometimes identifiable, as in the case of epidural hematoma or abscess, but can also be exceedingly difficult to pinpoint, as exemplified by most cases of presumed spinal vascular injury. The goal of our original advisory on this topic and the updated material contained herein is to provide an anatomic and pathophysiologic basis from which to build an understanding of neuraxial complications associated with regional anesthesia and pain medicine.
Consistent with a recent editorial call to focus practice advisory and consensus conference updates on new material, 1 we have crafted this review in 2 sections. First, to provide perspective, we will briefly review those topics and associated recommendations for which no substantially new knowledge has emerged. To provide consistency over time or when appropriate, the current review will present text and especially recommendations that are essentially verbatim from those of our original work. Interested readers can find the detailed explanations and their specific literaturebased citations by revisiting those 2008 articles. 2, 3 The second section will focus on 5 topics that either have significantly new information to add to our previous understanding and/or we believe deserve more extensive discussion than was provided in the first iteration of this practice advisory.
METHODS
Standard search engines and cross-referenced citations identified the literature basis for the updated material contained within this review. PubMed and Ovid were searched from 2006 forward to identify new material by using MeSH terms as individual headings or in relevant combinations: "spinal cord injury," "hypotension," "neurotoxicity," "transforaminal," "cauda equina syndrome," "anterior spinal artery syndrome," "needle injury," "spinal stenosis," "spinal cord ischemia," and "spinal cord infarction."
As specifically noted in our 2008 review, "The strength of scientific evidence that is used to arrive at these recommendations is not easily measured by traditional stratification methodologies such as the United States Agency for Health Care Policy and Research structure for ranking Statements of Evidence and Grades of Recommendation. 4 Because of the extreme rarity of the specific complications that are addressed in this article, traditional methodologies such as randomized controlled trials, meta-analysis, or large human case series rarely exist and are unlikely to exist in the future. Our recommendations are therefore based on methodologies that are necessarily less robust, such as anatomic or pathophysiologic studies of human cadavers or animals, nonrandomized trials, retrospective series, case reports, or expert opinion. The grading of recommendations offered by this practice advisory has been modified from an American College of Cardiology/American Heart Association construct that classifies the strength of guidelines for perioperative cardiac evaluation." 2 Readers of this article are reminded that practice advisories are created when data on a subject are limited or nonexistent.
Advisories rely on limited clinical and animal data, and as such, the synthesis and interpretation of data by 1 group of experts may differ from conclusions by another set of equally qualified experts. Thus, practice advisories represent a level of recommendation that is less than that offered by standards or clinical practice guidelines. 5 The recommendations contained herein do not define standard of care. They are not intended to replace clinical judgment as applied to a specific patient scenario. "These recommendations are intended to encourage optimal patient care, but cannot ensure the avoidance of adverse outcomes. As with any practice advisory recommendation, these are subject to revision as knowledge of specific complications advances." 6 
REVIEW OF PREVIOUS RECOMMENDATIONS Mechanical Injury
Some neuraxial anesthetic complications are secondary to mechanical injury of the spinal cord, spinal nerve roots, or the spinal nerves as they exit the intervertebral foramina. Injury to these structures may involve direct needle or catheter trauma or lesions within the vertebral canal that compress neural structures and thereby cause ischemic injury. These various mechanisms ultimately lead to loss of anatomic and/or physiologic neural integrity and can result in permanent injury. 7 We have not changed the majority of recommendations related to mechanical injury (Table 1) .
Iatrogenic Spinal Cord Trauma
The incidence of spinal cord-related needle/catheter trauma is unknown, but decidedly rare. Anesthesiologist-reported or qualityassurance databases may well underreport this complication, whereas medicolegal databases are likely to skew data in the opposite direction. For instance, direct spinal cord injury was noted in 6 (0.73%) of 821 neuraxial claims from the American Society of Anesthesiologists (ASA) Closed Claims database, which does not provide a denominator of total cases. 7 Conversely, direct needle trauma was detected in only 9 of 1.7 million neuraxial anesthetics (0.0005%) over a 10-year period in Sweden, 12 and only 1 case was reported in a 2000 survey from French spinal cord rehabilitation centers (from an estimated 1 million neuraxial anesthetics performed that year in their catchment area). 13 Three anatomic characteristics of the human neuraxis contribute to its potential for sustaining needle or catheter injury. First, although the conus medullaris is typically described as terminating at the L1-2 vertebral interspace in adults (and terminates more caudad in the first few months of life), its terminus varies widely from T12 to L4. When this variation is coupled with practitioners' inaccurate determination of which spinal interspace they are palpating, 14 it is not surprising that needle injury to the spinal cord has been reported in instances where the conus medullaris terminated more caudad than expected. 12 Indeed, a recent study demonstrated that in 40% of term parturients, the perceived vertebral level identified by palpation at the intercristal line was in reality at the L3 interspace or higher. 15 Neuraxial ultrasonography may improve estimation of the vertebral level because it is more accurate than palpation for identifying surface landmarks, especially in challenging anatomic scenarios, 16 such as obesity, scoliosis, or previous spinal surgery. 17 Second, the customary expectation of encountering resistance prior to entering the epidural space is not always fulfilled in those individuals in whom the ligamentum flavum has failed to fuse in the midline, a condition that is more prominent in the upper thoracic (4%-21% midline gaps at T3-4 and above) and cervical neuraxis (51%-74% midline gaps). 18 Unanticipated congenital dysraphisms can also contribute to accidental entry into the spinal cord. 19 Third, the margin for error during needle advancement is significantly diminished as one proceeds from the lumbar posterior epidural space with its 5-to 13-mm dorsal-to-ventral dimensions, to the 2-to 4-mm thoracic posterior epidural space, to the average 0.4-mm cervical posterior epidural These recommendations are intended to encourage optimal patient care, but cannot ensure the avoidance of adverse outcomes. As with any practice advisory recommendation, these are subject to revision as knowledge advances regarding specific complications.
Anatomic factors
• Misidentification of vertebral level, unrecognized lateral needle placement or deviation, abnormal caudad termination of the spinal cord, or failure of the ligamentum flavum to fuse in the midline may contribute to direct needle injury of the spinal cord. Clinicians are advised to be aware of these anatomic conditions, particularly in patients with challenging surface anatomy (eg, as may occur with obesity, kyphoscoliosis, and other conditions). Ultrasonography or fluoroscopy could be considered as an adjunct for accurate determination of vertebral level in these challenging patients. (Class I) • Surgical positioning, severe spinal stenosis, and specific space-occupying extradural lesions (eg, epidural lipomatosis, ligamentum flavum hypertrophy, synovial cysts, or ependymoma) have been associated with temporary or permanent spinal cord injury in conjunction with neuraxial regional anesthetic techniques. These conditions are particularly relevant when they coexist with an epidural hematoma or abscess. Awareness of these conditions should prompt consideration of risk-versus-benefit when contemplating neuraxial regional anesthetic techniques. (Class I) • Patients with known tumor in the epidural space should undergo neuraxial imaging studies to define the extent of tumor mass. If the tumor is close to the planned site of epidural solution injection, alternative methods of anesthesia or analgesia should be considered. (Class II) • For patients receiving neuraxial injection for treatment of pain (eg, cervical epidural injection of steroids via an interlaminar route), radiologic imaging studies such as computed tomography (CT) or magnetic resonance imaging should be used to assess the dimensions of the spinal canal, and this information should be considered in the overall risk-to-benefit analysis as well as guiding the selection of the safest level for entry. (Class II) Physiologic factors
• Clinicians are advised to be aware of and to avoid conditions that have been linked to the formation of epidural hematoma or epidural abscess, as noted in previous American Society of Regional Anesthesia and Pain Medicine Practice Advisories. Such conditions include concurrent or imminent anticoagulation, the use of multiple anticoagulants, improper aseptic technique, and needle placement during untreated active infection. [8] [9] [10] [11] (Class I) space. Indeed, because the epidural space is a potential space, the cervical posterior epidural space may be nonexistent, particularly at higher vertebral levels. [20] [21] [22] Mass lesions can also lead to spinal cord injury. Intradural or extradural lesions compete for cross-sectional space within the spinal canal and in so doing potentially decrease spinal cord perfusion pressure (SCPP) by inhibiting arterial inflow, inhibiting venous outflow, or elevating cerebrospinal fluid (CSF) pressure ([SCPP = mean arterial pressure − spinal cord CSF pressure] 23 ; in rare circumstances, direct venous outflow pressure may also impact regional SCPP.) If SCPP is sufficiently diminished, it can lead to spinal cord ischemia that in more severe instances can produce infarction. Epidural hematoma and abscess are commonly recognized complications of neuraxial anesthetic or pain medicine techniques, and they can lead to consequential mass lesions. 8, 24 Less well appreciated is the potential for transient pressure elevations secondary to excessive volumes of local anesthetic 25 (especially in infants), 26 compromised egress of local anesthetic or blood through stenotic intervertebral foramina, 27 or unusual mass lesions such as tumors, granulomas from chronic intrathecal morphine administration, 28 epidural lipomatosis, 29, 30 synovial cysts, 13 or ependymoma. Many of these conditions are occult to patient and practitioner and become relevant only when blood, pus, or local anesthetic competes for limited cross-sectional area within the vertebral canal. The presence of increased volume within the vertebral canal, whether by fluids or mass lesions, can have a "Starling resistor" effect on blood vessels, limiting blood ingress into and egress from the affected tissues. Moreover, patients with severe spinal stenosis or other mass effects may be at additional risk of compromised tissue blood flow when surgical field exposure requires certain positions such as extreme lordosis, lithotomy, or the flexed lateral position.
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Spinal Nerve Root and Spinal Nerve Trauma
The spinal nerves are protected during midline or paramedian approaches to the neuraxis because of their lateral position and the partial protection afforded by the vertebral laminae, transverse processes, and facet joints. Therefore, midline procedurerelated injury to the spinal nerve, or to the anterior or posterior ramus outside the intervertebral foramen, occurs only when needles deviate laterally. Spinal nerves can also be contacted unintentionally during procedures such as paravertebral or psoas compartment block when the needle is directed too medially. Needles medial to the facet within the lateral recess may unintentionally contact the dorsal nerve roots 2 ( Fig. 1 ). As concluded in our 2008 review, "mechanical injury to the neuraxis can arise consequent to direct needle trauma or to spaceoccupying lesions whose mass effect compromises spinal cord blood flow (SCBF). Evidence to support contribution to injury varies with the mechanism of injury. In the case of epidural hematoma or abscess, extensive literature supports causation. Conversely, neuraxis injury in the setting of rare extraspinal mass lesions or relatively common surgical positions only establishes association or chance occurrence."
2 Limited additional information since our 2008 publication has not altered this conclusion (Table 1) , except for new information on the association of spinal stenosis with neuraxial injury, as will be presented subsequently.
Spinal Cord Ischemia and Vascular Injury
Disruption of SCBF can occur from a variety of mechanisms, including needle trauma affecting the spinal vasculature (Fig. 2) , compressive mass lesions (Fig. 3) , or vascular spasm (Fig. 4) . Spinal cord blood flow may also be compromised from low-flow states, such as might occur from significant and prolonged systemic hypotension, embolic phenomena, or vascular stenosis. The frequency of spinal cord ischemia is distinctly rare and our understanding limited. Our previous article 2 extensively reviewed the human spinal cord blood supply. The spinal cord and cauda equina receive two-thirds of their blood supply from the anterior spinal artery, which cannot be injured directly by midline or paramedian needles without first traversing the spinal cord (Fig. 2) . Damage to the spinal cord's posterior blood supply is largely mitigated by the redundancy of the posterior spinal artery system. However, the segmental or spinal branch arteries are exposed to needle-related trauma when the needle deviates far laterally or is intentionally placed near a segmental artery (such as during perispinal techniques or celiac plexus block). 33 Radicular arteries can sustain needle injury during a transforaminal approach, which can be important if that artery is 1 of the few radicular arteries that continue on to become a medullary artery supplying the spinal cord (Fig. 5) . Disruption of SCBF might also occur from procedure-induced hematoma or drug-induced vasospasm associated with neurolytic procedures such as celiac plexus block (Fig. 4) , although clear proof of these mechanisms is lacking. 2 Within the category of vascular injury to the neuraxis, the majority of our previous recommendations remain intact (Table 1) . However, we will henceforth discuss 2 topics for which new information justifies strengthening of previous advice: blood pressure control during neuraxial anesthesia and central nervous system (CNS) injury during transforaminal pain medicine procedures.
Neurotoxicity
Our previous review concluded, "Neuraxial local anesthetics, opioids, adjuvants, and preservatives in clinically recommended doses are remarkably safe in the vast majority of patients. Nevertheless, a patient may rarely be vulnerable to local anesthetic and adjuvant neurotoxicity even in normal clinical situations. Clinical evidence comes from case reports of patients who sustained neuraxis injury that was presumed secondary to a neurotoxic mechanism, even though they received standard doses of spinal or epidural local anesthetic with or without adjuvant. Neurotoxicity is more likely to occur in conjunction with physical disruption of the blood-spinal cord barrier by needle or catheter trauma, or from iatrogenic conditions leading to maldistribution and/or overdosing of neuraxial local anesthetics." 2 While our previous recommendations have not substantially changed (Table 1 ), we will henceforth discuss newer information concerning cauda equina syndrome (CES), arachnoiditis, and clinical experience with intrathecal 2-chloroprocaine (2-CP).
NEW RECOMMENDATIONS FROM THE SECOND PRACTICE ADVISORY

Spinal Stenosis
Spinal hematoma, abscess, tumor spread, epidural lipomatosis, spinal arachnoid cysts, ankylosing spondylitis, 12, 34 or extreme surgical positioning such as hyperlordosis or extreme lateral flexion 31, 35 are mechanical causes that can contribute to the development of spinal cord ischemia or infarction in the perioperative period. Recent literature has focused on degenerative spinal stenosis and its association with various manifestations of neuraxial injury in the setting of regional anesthesia. Degenerative spinal stenosis is caused by osteoporosis and/or hypertrophy of the ligamentum flavum and bony elements of the spinal canal that effectively reduces spinal canal crosssectional area and competes with the spinal cord and nerve roots for space. Similar mechanisms might contribute to local anesthetic neurotoxicity by causing maldistribution and/or reduced clearance of relatively undiluted drug. 36, 37 Degenerative changes may also cause narrowing of the vertebral foramina, which compromises egress of fluids 22, 38 and consequently results in an increase in vertebral canal pressure 27 and transiently diminished neural blood flow. 39 Spinal stenosis represents a continuum of severity, from mild and inconsequential to severe; 19% of patients in their 60s will have absolute spinal stenosis (<1-cm anteroposterior diameter of the spinal canal). 40 Although commonly discovered during imaging for the diagnosis of back pain, there are subsets of patients with undiagnosed spinal stenosis that is discovered only during workup of injury after a neuraxial anesthetic. The potential for spinal stenosis to cause or worsen neuraxial injury in the setting of a regional anesthetic has been the object of speculation for decades. 41 However, the first strong signal of the relationship between spinal pathology and increased risk of neuraxial injury was identified in Moen and colleagues' 12 report of the association between spinal stenosis and neuraxial injury in 1.7 million neuraxial anesthetics conducted in Sweden between 1990 and 1999. Of the 33 cases of spinal hematoma, one-third were associated with coagulopathy or thromboprophylaxis (in onethird of those cases, thromboprophylaxis was administered in accordance with published guidelines). This report contrasted the extreme rarity of spinal hematoma in young women who received neuraxial anesthesia for childbirth (1:200,000) versus the 1:22,000 incidence of spinal hematoma in elderly women undergoing hip fracture repair or 1:3600 incidence in those elderly women receiving total joint arthroplasty. During diagnostic imaging, 6 of the 33 cases were noted to have previously undiagnosed spinal stenosis or ankylosing spondylitis. These conditions may have compromised spinal cord circulation to a greater extent in the mostly elderly women who constituted the majority of this cohort, as compared with younger obstetric patients with an uncompromised spinal canal who likely would have experienced a lesser degree of circulatory impairment from a similarly sized hematoma. 12, 42 Since the Swedish publication, confirmatory reports have emerged. 13, 43 For example, a retrospective analysis of neuraxial anesthetics performed in patients with known spinal canal pathology (spinal stenosis or lumbar disc disease) observed a 1.1% incidence of neuraxial complications, which was higher than expected for patients without spinal canal pathology who underwent similar surgeries at the same institution. 44 While this study corroborates observations from previous investigations and points to a higher incidence in those patients with known spinal stenosis compared with those with unsuspected disease, it also points to the difficulties in firmly establishing spinal canal pathology and subsequent neuraxial injury as cause and effect, rather than association. Case reports and large registries do not provide a general anesthetic control group and cannot distinguish whether The advisory panel therefore acknowledges growing evidence of an association between spinal stenosis or other spinal canal pathology and a higher incidence of complications after neuraxial blockade. 12, 13, 41, 44 However, causation cannot be established definitively. To this point, the panel also acknowledges that a multitude of neuraxial regional anesthetics and interventional pain medicine procedures are performed daily on patients with varying degrees of spinal stenosis. In some of these cases, spinal stenosis has been diagnosed and may indeed be the indication for intervention. Furthermore, spinal stenosis can contribute to neurologic injury from surgery or positioning even in the absence of neuraxial anesthetic techniques. 45, 46 Based on details gleaned from the limited literature on this topic and in accordance with the double-crush theory, 47 we believe it reasonable to speculate that patients with moderate to severe spinal stenosis might be more vulnerable to injury if there are coexisting conditions such as neuraxial surgery, preexisting neurologic disease, mucopolysaccharidosis, 48 nonneutral patient positioning, or conditions known or unknown that compete for limited crosssectional area within the spinal canal. Although the preponderance of spinal stenosis has been associated with epidural and combined spinal-epidural techniques, 12 association with spinal anesthesia has also been reported. 35, 44 As noted previously, the presence of spinal stenosis may be unknown to the clinician and the patient. However, those patients who report neurogenic claudication with symptoms that progress with ambulation are likely to have severe stenosis, even if not formally diagnosed. Recommendations for spinal stenosis are found in Table 2 .
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Blood Pressure Control During Neuraxial Anesthesia
Spinal cord ischemia or infarction associated with neuraxial regional anesthesia is a decidedly rare event that may present as anterior spinal artery syndrome (ASAS), posterior spinal artery syndrome, watershed infarction, or an ill-defined injury consistent with critically reduced or absent SCBF. For perspective, only 10 of 821 medicolegal claims for neuraxial injury contained within the ASA Closed Claims database were alleged to have resulted from ASAS or variations of spinal cord ischemia. 7 A study of longterm outcomes after acute spinal cord ischemia documented that only 1 of 54 patients had actually received a neuraxial anesthetic. 49 This should not be surprising, as the highest risks for perioperative spinal cord infarction are associated with specific operations, for example, aortic, cardiac, thoracic, or spine surgeries. Even though autoregulation of SCBF mirrors that of cerebral blood flow 50 ( Fig. 6 ), spinal stroke is apparently much less frequent than the estimated 0.1% incidence of perioperative cerebral stroke in patients undergoing noncardiac, nonneurologic surgery. 51 Spinal cord ischemia and infarction are rarely reported even after clinical scenarios of prolonged low mean arterial pressure (MAP), such as during cardiopulmonary bypass or induced hypotension to a MAP of 60 mm Hg or less. [52] [53] [54] [55] While it is relatively rare for survivors of cardiac arrest to develop spinal cord ischemic injury, 46% of those who died of cardiac arrest or a severe hypotensive episode manifested ischemic spinal cord myelopathy at autopsy. 56 Despite the expectation that ischemic myelopathy would be most prevalent within the thoracic spinal cord watershed areas (because the thoracic spinal cord classically is supplied by fewer medullary arteries than either the cervical or lumbosacral spinal cord), 95% of cases in the previously noted postmortem study involved These recommendations are intended to encourage optimal patient care, but cannot ensure the avoidance of adverse outcomes. As with any practice advisory recommendation, these are subject to revision as knowledge advances regarding specific complications.
• Spinal stenosis represents a continuum of spinal canal encroachment by hypertrophied ligamentum flavum, bony overgrowth, and/or degenerative changes such as from osteoporosis or herniated nucleus pulposus. Patients with spinal canal pathology (eg, spinal stenosis, lumbar disk disease) may have clinical or subclinical evidence of a preexisting neurologic deficit due to neural compromise from the disease state. However, even moderately severe spinal stenosis is not always symptomatic; many patients (or their healthcare providers) are unaware that they have the condition. (Class I) • When neuraxial anesthesia is complicated by the development of mass lesions within the spinal canal (eg, hematoma or abscess), resultant postoperative neurologic complications may be more likely or more severe in patients with spinal stenosis or other obstructive spinal canal pathology, including changes brought on by patient positioning. (Class I) • In patients with known severe spinal stenosis or symptoms suggestive thereof, we recommend that risk-to-benefit analysis be considered prior to performance of neuraxial anesthesia because of the association of spinal stenosis with neurologic complications in the setting of neuraxial blockade. If neuraxial blockade is performed, we recommend heightened perioperative vigilance for symptoms suggestive of neural compromise. (Class II) • There is no firm linkage to injury if spinal stenosis is at a site distant from the level of neuraxial block placement. (Class III)
• If neuraxial anesthesia is planned, the practitioner may consider reducing the total mass (volume Â concentration) of local anesthetic in an effort to reduce segmental spread and local anesthetic neurotoxicity (which is related to concentration) and/or facilitate neurologic assessment by earlier block resolution. While we are unaware of routinely administered volumes of local anesthetic being associated with injury in patients with spinal stenosis, reports have postulated linkage between high volumes and neuraxial injury in the setting of other mass lesions such as epidural lipomatosis. (Class III) • The literature has established an association between spinal stenosis and injury after neuraxial blockade, most often affecting patients in whom the diagnosis of spinal stenosis was made during workup for the injury. There is no clear evidence that spinal stenosis per se caused these injuries. (Class II) • Currently, it is unclear whether the development of new or worsening neurologic symptoms after neuraxial anesthesia or analgesia is due to surgical factors, the anesthetic technique, the natural progression of spinal pathology, or a combination of these factors. (Class II) the lumbosacral spinal cord, 56 whereas nearly 50% of cases reported in a neuroradiologic study occurred at the cervical level. 57 Although local anesthetics and especially adjuvants are often implicated as contributory to spinal cord ischemia, our 2008 advisory 2 summarized that-inherent to an anesthetized spinal cordneither class of compounds reduces SCBF out of proportion to metabolic demand. [58] [59] [60] [61] Conversely, reduction in CMRO 2 out of proportion to blood flow does not reliably predict cerebral protection, 62 and it presumably has the same relationship in the spinal cord. Thus, neither local anesthetics nor adjuvants would be expected to influence cord injury based on an uncoupling of SCBF and metabolic rate, regardless of the direction of that uncoupling, in part because the magnitude of the uncoupling would be small. Vasoactive drugs such as epinephrine and phenylephrine do not adversely affect SCBF, whether delivered as an intrathecal adjuvant or in clinically appropriate intravenous doses. 61, 63, 64 The Argument for Avoiding Significant Hypotension During Neuraxial Anesthesia This advisory expands previous recommendations regarding blood pressure control during neuraxial anesthetics. These modifications are predicated by 2 developments: (1) an evolving understanding of brain and spinal cord lower limit of autoregulation (LLA) and (2) a growing body of literature and medicolegal experience that suggests the existence of an extremely rare subset of patients (including young patients with no increased cerebrovascular risk) who suffered spinal cord ischemia or infarction in clinical settings wherein the only or most likely abnormality was an extended period of marginally low blood pressure. [65] [66] [67] With regard to our evolving understanding of CNS LLA, previous animal studies suggested that SCBF is autoregulated within a MAP range of 50 to 60 mm Hg to 120 to 135 mm Hg, assuming (1) an intact blood-spinal cord barrier 50, 68 and (2) the LLA for the spinal cord behaves in a similar manner as the LLA of the brain. In recent years, Drummond et al 66, 67 and others 61, 69, 70 have challenged the previously accepted dictum of MAP 50 mm Hg representing a relevant and consistent cerebral LLA in humans and have instead presented evidence that cerebral LLA varies widely among individuals and is likely closer to 60 to 65 mm Hg in normotensive, unanesthetized adults. These experts remind us that CNS blood flow does not stop upon reaching the LLA but that there is a range between baseline MAP, the LLA, and the blood pressure below which irreversible cell damage occurs. The limits of this "physiologic reserve" (between the LLA and the pressure at which cells manifest injury) are unknown but are speculated to be 30% to 40% below baseline MAP. 67, 71, 72 Whereas physiologic reserve probably affords some degree of spinal cord protection against low-flow states, such protection is likely mitigated by the presence of vascular stenosis, embolic phenomena, erythrocyte sludging (eg, sickle cell disease), or when abnormal vascular anatomy impairs normal blood flow, as has been described in cases of focal cerebral ischemia. 73 This last phenomenon is likely to exist with spinal vasculature anomalies as well.
Clinical support for these concepts can be gleaned from both animal and human studies. The bulk of these studies involve cerebral blood flow rather than SCBF, but the parallel autoregulatory curves of both systems argue that extrapolation from one to the other is reasonable 50 (Fig. 6 ). For example, in a clinical study that precisely measured cerebral LLA in patients undergoing cardiopulmonary bypass, the mean LLA was a MAP of 66 mm Hg and ranged widely (95% prediction interval, 43-90 mm Hg). In this study, preoperative MAP was not predictive of brain LLA, and only preoperative systolic blood pressures in excess of 160 mm Hg correlated with a higher LLA. 69 Another study noted that patients undergoing shoulder surgery frequently reached the cerebral LLA at a MAP of 65 to 70 mm Hg, especially when in the beach-chair (ie, semisitting) position (BCP). 70 Similarly, in a study of dogs administered spinal anesthesia and then acutely hemorrhaged, SCBF began to decrease at a MAP of 66 mm Hg. 74 Circumstantial support for the injurious role of hypotension can also be found in spinal deformity surgery, wherein the correction of hypotension has been reported to reverse electrophysiologic signs of spinal cord dysfunction. 75 With regard to the duration of hypotension, a case-control study of 48,241 patients undergoing noncardiac, nonneurologic surgery reported that those patients whose MAP was 30% or greater below preoperative baseline had a significantly higher risk of perioperative ischemic cerebral stroke, which also correlated with the duration of hypotension. 71 Moreover, it is possible that prolonged periods of lesser degrees of hypotension (or, alternatively, local tissue hypoperfusion) may also be significant, as inferred from the observation that some patients with ASAS developed symptoms over time; that is, not all presented with sudden flaccid paralysis. 49 In summary, this advisory's new admonition to avoid significant hypotension (especially of prolonged duration) during neuraxial blockade is based on evolving evidence that the LLA of cerebral blood flow and SCBF appears to be higher than previously accepted. Furthermore, there is an increasing awareness that the range of cerebral and spinal cord LLA is wide in humans, and that at least a subset of patients with otherwise "low normal" MAPs can manifest signs of spinal cord ischemia or sustain injury. Large clinical studies directly linking low blood pressure to spinal cord injury are lacking. Instead, we have only association gleaned from case reports or extrapolated from limited human studies of surrogate end points, for example, measuring cerebral LLA during cardiopulmonary bypass or reversal of electrophysiologic deficits during spinal surgery consequent to correction of low blood pressure.
Perspective on Blood Pressure Control During Neuraxial Anesthesia
Despite concerns over prolonged, significant hypotension as a risk factor for spinal cord ischemic injury, the rarity and nature of such injury make it impossible to assume cause and effect. In most reported cases, the absence of clinical details or the existence of other potentially confounding etiologies precludes cause and effect. 76 Multiple studies point to the relative safety of prolonged hypotension in humans during general and/or regional anesthesia. For instance, clinical studies of prostaglandin-induced hypotension during spinal surgery note the absence of cord injury during prolonged periods of 60 mm Hg MAP. 55 Yet, in a different model, devastating brain or cervical spinal cord injuries and death have been speculated to be causally related to hypotension in otherwise healthy patients undergoing shoulder surgery in the BCP. 65 These injuries are extremely rare and arguably fall within the expected rate of perioperative cerebral stroke. 51 Three series that total more than 9300 patients operated on in the BCP reported no cerebral or cervical spinal cord ischemic injuries despite approximately half of patients in both studies experiencing a hypotensive episode (defined as 30% to 40% reduction of baseline MAP, systolic pressure <90 mm Hg, decreased cerebral oxygen saturation, and/or MAP <66 mm Hg). The duration of hypotension experienced by these patients was relatively limited (only 5%-7% of operative time [15-18 minutes] ). [77] [78] [79] Laflam et al 70 reported in a prospective study that patients operated on in the BCP often experience diminished autoregulation over a wide range of MAP (70 mm Hg; interquartile range, 55-80 mm Hg), yet did not exhibit evidence of brain injury. Overall, these results can be interpreted as supporting the concept of a physiologic reserve that protects the vast majority of patients from injury, even when limited periods of low MAP occur at the brain or cervical spinal cord level while in the BCP.
Perhaps more apropos to patients undergoing neuraxial regional anesthesia, Sharrock and colleagues 80 reported decades of experience with hypotensive epidural anesthesia for total hip arthroplasty, in which their goals were to reduce blood loss and to improve acetabular prosthetic component adherence. Their work can be summarized as induced hypotension to a MAP of 45 to 55 mm Hg that was typically maintained for 30 to 120 minutes, but occasionally longer. Sharrock et al 80 reported that this regimen did not adversely affect renal function, cognitive function, 81 or cardiac function, even in elderly patients with preexisting ischemic cardiac disease and/or hypertension. 82 Of critical importance is understanding that Sharrock and colleagues' intraoperative routine involved much more than using dense epidural anesthesia to induce hypotension. Their regimen included meticulous attention to details such as maintaining neutral spine position, central venous pressure, and cardiac output. With regard to cardiac function, their use of low-dose epinephrine infusion (1-4 μg/min) preserved central venous pressure, heart rate, cardiac stroke volume, cardiac output, and cardiac index. They reported that epinephrine is superior for maintaining these vital parameters, rather than phenylephrine, which adversely affected heart rate and cardiac index. 83, 84 Thus, we can infer that, despite prolonged low MAP, Sharrock and colleagues' clinical regimen promoted forward blood flow and avoided excessive cardiac afterload.
To place our argument for increased awareness of blood pressures during neuraxial anesthesia into perspective, the rate of cerebral and spinal cord injury during all surgeries is remarkably low, even under potentially "physiologically stressful conditions" such as the BCP and induced hypotension. The vast majority of patients appear to tolerate limited periods of marginal hypotension. We nevertheless posit that an extremely small subset of patients either lack a physiologic reserve or have a higher set point for their individual LLA, which we speculate increases their susceptibility to a spinal cord ischemic event. Furthermore, positioning in other than the neutral supine position may enhance the vulnerability of these patients to new-onset spinal cord ischemia, whether the positioning alterations are the result of preincision surgical positioning or alterations in local or regional anatomic relationships that result from surgical retraction.
One of the arguments to allow blood pressure to decline, or even to pharmacologically reduce blood pressure to below the patient's baseline values, is a desire to lessen blood loss in the surgical field. The literature is conflicting as to whether this approach results in clinically meaningful reductions in blood loss, especially that requiring blood transfusion. 85 We advise that the relative benefits of general anesthesia versus neuraxial anesthesia be carefully weighed for those patients who may benefit from induced hypotension and that the potential risks of prolonged hypotension be considered for each individual patient.
Recommendations
Recommendations for blood pressure control during neuraxial regional anesthesia are summarized in Table 3 . Our previous advisory emphasized the rarity of blood pressure-related CNS injury, but noted that if spinal cord ischemia or infarction occurs the chance for recovery is extremely poor. 86 This current advisory acknowledges scientific and medicolegal reports of ischemic spinal cord injury in patients without obvious risk factors other than a prolonged period of frank or borderline hypotension. Although lower blood pressures are apparently safe in the vast majority of patients, there appears to exist an unpredictable subset of patients who are at risk of spinal cord injury when low blood pressure is associated with spinal stenosis, 13, 66, 87 anemia (reduced oxygen-carrying capacity), 66 hypocapnia, raised intrathoracic pressure (eg, during mechanical ventilation in lung-injured patients), extremes of patient position, chronic hypertension, unrecognized vascular abnormalities, variation in the LLA, or as yet undiscovered conditions. The panel therefore recommends that anesthesiologists strive to maintain blood pressure within 20% to 30% of baseline and that persistent hypotension be treated, especially in the absence of neuromonitoring that could identify any new-onset insults. This may be especially true in pediatric patients, particularly infants, who normally have lower baseline MAPs than adults and who manifest higher epidural space pressures upon injection of fluid.
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Diagnosis and Treatment
If signs and symptoms of spinal cord ischemia occur, rapid intervention is mandatory to rule out potentially correctable causes such as spinal hematoma or abscess. Based on clinical presentation, the anesthesiologist may elect to reduce or stop the local anesthetic infusion and reevaluate the patient within an hour or alternatively proceed directly to imaging to rule-out a treatable intraspinal mass. For diagnosing ischemia, magnetic resonance imaging scan may be normal within the first few hours of symptoms, but hours to days later, it may reveal focal cord swelling or hyperintensities on T2-weighted images.
57,88,89
If ischemia is suspected, normalizing or inducing highnormal-range blood pressure and/or CSF drainage have been recommended, but their effectiveness is not fully supported by the literature. 51 While limited data support the role of CSF lumbar drainage in aortic aneurysm surgery 90 and its use is generally safe, 91 there are no data specific to its efficacy in anesthesiaor pain medicine procedure-related injuries.
Likewise, there are no data specific to the role of corticosteroids in anesthetic or pain medicine intervention-associated neuraxial injury; we are thus left to extrapolate the literature of brain and spinal cord traumatic injury, and cerebrovascular ischemia, to anesthesia-related injuries. Although controversial, 92 corticosteroid drugs have Cochrane Review-level evidence for improving outcome after acute traumatic spinal cord injury. 93 Conversely, corticosteroids have been shown not advantageous for acute head injury 94 or cerebral stroke. 95 Furthermore, a considerable and growing body of literature reports that corticosteroids can be directly injurious (ie, glucose independent) to hypoxic/ischemic animal spinal cords, 96 neurotoxic to human brains after traumatic brain injury, 97 and secondarily neurotoxic as a result of increases in blood glucose concentrations. 92, 98, 99 While fully acknowledging this conflicting literature and the absence of studies directly related to anesthesia-related injuries, the advisory panel suggests that administration of corticosteroids may be beneficial in cases of direct spinal cord trauma related to interventional procedures. However, because steroid administration has been shown in animals and humans to worsen outcome in the setting of neurologic These recommendations are intended to encourage optimal patient care, but cannot ensure the avoidance of adverse outcomes. As with any practice advisory recommendation, these are subject to revision as knowledge advances regarding specific complications.
• Local anesthetics, adjuvants, and their combination have variable effects on SCBF. Reduction of SCBF in the presence of local anesthetics and adjuvants typically mirrors reduction in metabolic demand secondary to spinal cord anesthesia. There is no evidence that either intravenous or intrathecal epinephrine or phenylephrine adversely affects SCBF. (Class I) • Our understanding of the lower limits of autoregulation of SCBF has evolved recently, based on inferences gained from cerebral LLA studies.
Rather than the previously accepted cerebral LLA at a MAP of 50 mm Hg in humans, many experts now believe the cerebral LLA in unanesthetized adults is 60 to 65-mm Hg MAP. There is a wide variability of LLA among subjects. Preexisting hypertension appears to be a poor predictor of LLA except at the extremes of hypertension, eg, systolic pressure >160 mm Hg. (Class II) • Case reports attest to an extremely small subset of patients who have sustained cerebral or spinal ischemia associated with periods of severe or prolonged low blood pressure. These rare events stand in stark contrast to the common perioperative occurrence of relative hypotension that does not result in spinal cord ischemia. Presumably, injury does not manifest in these patients because of a physiologic reserve that exists between the LLA and blood pressure thresholds below which neurologic injury occurs. (Class III) • When the LLA of SCBF is approached, specific patient conditions may increase the risk of injury. Such conditions include reduced blood oxygen-carrying capacity, impairment of SCBF from obstructing anatomic lesions, and/or increased spinal cord CSF pressure. (Class I) • In the absence of compelling reasons to manage a patient otherwise, we recommend that blood pressures during neuraxial anesthesia be maintained in normal ranges or at least within 20%-30% of baseline MAP. When MAP goes below these parameters, we recommend that it not be allowed to persist at those levels. While these recommended parameters are arbitrary, they are inferred based on large population studies that have linked both degree and duration of hypotension to perioperative cerebral, renal, or myocardial injury. (Class II) • When neuraxial anesthesia or analgesia is followed by unexpectedly prolonged sensory or motor blockade, recrudescence of weakness or sensory changes after initial block resolution, or neural blockade outside the expected distribution of the intended procedure, the anesthesiologist must rule out reversible causes in an expedient manner. At the physician's judgment, this may entail reduction or discontinuation of local anesthetic infusion and reexamination of the patient within an hour or immediate neuroimaging to exclude a compressive process (hematoma or abscess). If imaging is ordered, magnetic resonance imaging is preferable to CT, but the diagnosis should not be delayed if only CT is available. However, if CT rules out a compressive lesion, subsequent magnetic resonance imaging will be necessary if spinal cord ischemia is suspected. (Class I) • If imaging rules out an operable mass lesion and spinal cord ischemia is suspected, practitioners should ensure at least normal blood pressure or consider inducing high-normal-range blood pressure. The efficacy of CSF pressure modulation via lumbar drains in anesthesia/interventional pain medicine-related spinal cord ischemia is unknown, but the technique is widely used to treat surgery-related spinal ischemia and appears safe in the setting of ischemic spinal cord injury. (Class III) • The role of corticosteroids in anesthesia-related injuries is unknown. Corticosteroids may have a beneficial effect after direct spinal cord trauma resulting from interventional procedures. However, the potential benefits for these patients should be balanced against the associated risk of corticosteroid-associated hyperglycemia; ie, hyperglycemia worsens brain (and presumably spinal cord) ischemic injury. We do not recommend the use of corticosteroids for ischemic spinal cord injury. Definitive diagnosis and treatment are best determined in consultation with neurology or neurosurgery colleagues. (Class III) ischemia, we recommend that corticosteroids not be used in suspected cases of spinal cord ischemia or infarction. In either case, maintenance of normoglycemia (such as through administration of insulin in a previously hyperglycemic patient) is advised. We recommend neurologic consultation to help evaluate the nature and mechanisms of any insults and to coordinate possible treatments.
Establishing "Baseline Blood Pressure"
There are no reliable historical or diagnostic criteria that identify patients susceptible to spinal ischemia in the setting of neuraxial regional anesthesia. Furthermore, most studies have failed to link baseline hypertension to an increased risk of anesthesia-associated ischemic cerebral or spinal cord injury. Just as there are no firm guidelines for what constitutes the SCBF LLA and for what duration blood pressures less than the LLA become injurious, the determination of "baseline blood pressure" in an individual patient is difficult. A recent study 100 observed that MAP of less than 55 mm Hg, particularly if lasting longer than 20 minutes, predicted a higher rate of adverse cardiac and renal (not cerebral) outcomes in 33,000 noncardiac surgery patients. Nevertheless, we agree with the editorial opinion 101 that such results cannot be extrapolated to an individual patient. Moreover, recent studies have discovered that average preoperative blood pressures are not predictive of the LLA. 69, 70 Despite the unclear relationship of baseline blood pressure to LLA, anesthesiologists nevertheless often wish to ascertain a patient's baseline MAP. A study that sought to correlate perioperative blood pressures to true baseline found that a normal blood pressure obtained on arrival in the operating room closely approximated that patient's true baseline. However, if the first operating room blood pressure was hypertensive, it was less likely to represent baseline. Instead, an average of ambulatory blood pressures over the past 7 months or a preoperative blood pressure obtained 1 to 30 days prior to surgery more accurately reflected that patient's baseline. 102 
Transforaminal Pain Medicine Procedures
We have previously detailed the emerging evidence linking use of particulate steroids with catastrophic neural injuries when administered for treatment of painful conditions via the transforaminal route. Reported complications include spinal cord infarction, cortical blindness, paralysis, and death. [103] [104] [105] As noted in our 2008 advisory, "the presumed mechanism of these complications involves unintentional needle entry into a small artery that traverses the intervertebral foramen to join the arterial supply to the spinal cord or posterior circulation of the brain. This can occur at various levels, including the vertebral artery anterior to the cervical intervertebral foramina or the spinal medullary or radicular arteries within the foramina at variable levels within the cervical, 106, 107 thoracic, lumbar, and sacral portions of the spine (Fig. 5) . Subsequent injection of particulate steroid preparations can result in occlusion of the distal arterioles within the spinal cord or brain and lead to infarction. 104 In the interim since the 2008 practice advisory, a collaboration between the US Food and Drug Administration's Safe Use Initiative and a group with representation from numerous specialties with interest and expertise in treating spinal disorders led to the publication of an article that reviews the existing evidence regarding transforaminal injections and catastrophic neural injuries and puts forward a series of expert opinions meant to improve safety. 108 We will henceforth summarize the newer evidence that has emerged regarding transformational injections.
Additional evidence has emerged that direct traumatic injury to the spinal cord can and rarely does occur during cervical transforaminal techniques, 109, 110 but the cardinal neurologic complications of this procedure are infarctions of the spinal cord, brainstem, cerebrum, or cerebellum. [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] A review of closed claims identified 9 instances of spinal cord infarction, although the overlap with the published case reports could not be determined. 110 The literature reporting paraplegia following lumbar transforaminal injections has also grown. [122] [123] [124] [125] [126] Particulate steroids were used in all cases, and the suspected mechanism of injury was either injection of steroids into a radiculomedullary artery or spasm of an artery when disturbed by a needle.
The role of particulate steroids as causative agents in producing neurologic injury after intra-arterial injection has been further clarified. In vitro studies note that methylprednisolone has the largest particles, betamethasone the smallest, and dexamethasone has no particulate matter. 127 Animal studies have clearly demonstrated that injection of particulate methylprednisolone into the vertebral artery or internal carotid artery can lead to strokes similar to those seen in published human case reports. 128, 129 Such injuries did not occur after the injection of the nonparticulate steroid dexamethasone. The amassing evidence strongly suggests that intraarterial injection of particulate steroids is a mechanism underlying some spinal or cerebrovascular complications of cervical transforaminal injections. In virtually all case reports of infarction following cervical transforaminal injection of steroids, particulate steroids were used. There is now evidence from small studies that demonstrates the effectiveness of dexamethasone is not significantly less than that of particulate steroids. 130, 131 Further studies comparing particulate, nonparticulate, and other injectates are much needed, because many practitioners still strongly believe that particulate steroids are associated with more profound pain relief that is of longer duration than that provided by the nonparticulate steroid dexamethasone.
Our 2008 recommendations regarding transforaminal injections 6 have been modified to align with the 2015 US Food and Drug Administration's Safe Use Initiative. 108 These revised recommendations are presented in Table 4 .
TABLE 4. Recommendations: Transforaminal Injection Techniques
These recommendations are intended to encourage optimal patient care, but cannot ensure the avoidance of adverse outcomes. As with any practice advisory recommendation, these are subject to revision as knowledge advances regarding specific complications.
• To avoid direct injection into critical structures, final position of an immobile needle during transforaminal injection should be confirmed by injecting contrast medium under real-time fluoroscopy and/or digital subtraction imaging, using an anteroposterior view, before injecting any substance that may be hazardous to the patient. Cauda Equina Syndrome, Local Anesthetic Neurotoxicity, and Arachnoiditis
Our previous article emphasized the unique anatomic and physiologic attributes of the cauda equina that might make it particularly vulnerable to local anesthetic-induced neurotoxicity. 2 These attributes include neural elements that are not fully protected by myelin, have a large surface-to-volume ratio, may experience reduced drug clearance because of limited vascular supply, 132 and may have limited CSF dilutional capacity when local anesthetic is injected into a dural root sleeve 133 (Fig. 7) . This current practice advisory addresses 3 topics not fully explored in the first iteration: CES, transient neurologic symptoms (TNS) associated with 2-CP, and arachnoiditis. We have chosen to arbitrarily combine these topics because of a shared presumed mechanism of injury that involves neurotoxicity.
Cauda Equina Syndrome
Similar to emerging concerns regarding spinal canal mass lesion pathologies, CES has been associated with spinal stenosis. In Moen and colleagues' 12 study of 1.7 million neuraxial anesthetics, there were 32 cases of CES, 9 of which occurred in patients with previously undiagnosed spinal stenosis. In theory, a tight spinal canal, perhaps exacerbated by extreme surgical positions, might result in pressure-induced spinal cord ischemia or reduced vascular clearance, either of which might increase cauda equina susceptibility to local anesthetic neurotoxicity. Of the 18 cases of CES associated with spinal anesthesia, 8 patients received lidocaine 5%, 10 received bupivacaine, and 1 received a mixture of the 2.
Of perhaps greater concern from Moen and colleagues' 12 study is that 23 of 32 cases were associated with nothing extraordinary in terms of spinal canal diameter, local anesthetic dosing, potential needle trauma, or abnormal postinjury imaging, all of which emphasize the unclear etiology of this syndrome. Although there are several known risk factors for the development of CES, we will offer 2 additional speculative mechanisms. With regard to known risk factors, data from the French surveillance studies 134, 135 and reports of CES associated with microcatheter continuous spinal anesthesia 136 strongly suggest that CES can result from supernormal doses of intrathecal local anesthetics and/or maldistribution of local anesthetic spread within the caudad intrathecal sac. Based on a limited understanding of the mechanism of CES injury, we speculate that, in addition to supernormal dose and maldistribution of local anesthetic, (1) an extremely small subset of humans may be predisposed to neurotoxicity from clinically appropriate doses of local anesthetic. Alternatively, we speculate that (2) abnormal neural inflammation may occur in response to exposure to local anesthetic, adjuvant, needle trauma, 12, 137 or other factors unrelated to the anesthetic. While the majority of cases of CES occur in patients with no known risk factors or no identified improper anesthetic technique, clinicians are advised to carefully weigh the risks to benefits of subarachnoid anesthesia in patients with known moderate to severe lumbar spinal stenosis and to avoid redosing failed, partial, or maldistributed spinal anesthetics (or at least not exceed the total recommended maximum dose). 138 
Local Anesthetic Neurotoxicity
Transient neurologic symptoms after spinal anesthesia were the subject of significant scientific inquiry nearly 2 decades ago. 139 Experts continue to debate the etiology of TNS and whether it represents a forme fruste of neurotoxicity. At the time of our first advisory, several laboratory studies had examined for possible 2-CP-related neurotoxicity, [140] [141] [142] but there was limited clinical research to confirm or refute whether 2-CP might indeed be neurotoxic in humans. 143, 144 Within the past few years, several reports have described the apparently safe use of low-dose (40-50 mg) spinal 2-CP in terms of TNS, [145] [146] [147] albeit the patient numbers are too small to adequately judge overall safety for an event as rare as CES. Indeed, a study comparing 2-CP to lidocaine for ambulatory transurethral prostate resection described a case of incomplete CES (confirmed by positive nerve conduction study and electromyographic deficits) that resolved completely after several weeks in a subject who received 2-CP. 148 Intrathecal 2-CP remains an off-label indication in the United States; however, in 2013, a 1% 2-CP solution was approved for intrathecal use in Europe. Based on the absence of appropriately powered studies for rare events, we cannot offer a recommendation with regard to intrathecal 2-CP and CES. However, we acknowledge a growing research literature that attests to acceptably low risk of TNS after low-dose intrathecal 2-CP.
Arachnoiditis
Arachnoiditis was not addressed in our previous advisory. This poorly understood entity describes diffuse inflammatory reaction of the 3 meningeal layers that manifests clinically in a spectrum from pain and disability to hydrocephalus and death. Historically, arachnoiditis has been associated with infection, trauma, intrathecal blood, contrast media, neuraxial hypertonic saline, 149 and multiple back surgeries. 150 Two potential etiologies are especially pertinent to the regional anesthesiologist and pain physician. While allergic, inflammatory, or idiosyncratic reactions to local anesthetics have been entertained as an etiologic factor for arachnoiditis, reasonably large studies suggest that if this association exists it is exceedingly rare. 12, [151] [152] [153] Attention has also been paid to the role of skin disinfectants. The latter concern stems from case reports 154, 155 of severe arachnoiditis after spinal or epidural anesthesia in which the "most likely mechanism" involved contamination by chlorhexidine. Many of these cases presented with remarkable similarity-headache or extremity burning immediately after injection of the local anesthetic, followed days later by evidence of increased intracranial pressure from hydrocephalus that required shunting, followed weeks later by progressive motor and sensory impairment to the point of paraplegia and chronic pain. This delay in major symptoms confounds identification of these cases by typical anesthesia surveillance mechanisms, but also argues for an idiosyncratic mechanism that might stem from an early, minor inflammatory reaction of the meninges in response to a drug, disinfectant, or other triggers.
The role of chlorhexidine/alcohol mixtures in the etiology of arachnoiditis is unclear and circumstantial. Numerous contemporary studies point to the clear superiority of chlorhexidine for skin asepsis as compared with povidone-iodine. This has resulted in the American Society of Regional Anesthesia and Pain Medicine, 9 the ASA, 156 the Centers for Disease Control and Prevention, and the Royal College of Anaesthetists 152 recommending chlorhexidine as the skin disinfectant of choice. A retrospective cohort study of 12,465 spinal anesthetics in which 2% chlorhexidine gluconate in isopropyl alcohol was used for skin antisepsis did not find increased risk of any neuraxial complication over historical controls (57 cases lasting <30 days; 0.04%; 95% confidence interval, 0.00%-0.08%). 157 An in vitro study of human neuronal and rat Schwann cells found that chlorhexidine was no more cytotoxic than povidone-iodine at relevant clinical concentrations. Furthermore, the amount of dried antiseptic carried by a needle tip from skin-to-subarachnoid space was calculated to undergo a 1:145,000 dilution. 158 Based on the superiority of chlorhexidine as an antiseptic and the extremely low likelihood that it would cause arachnoiditis under normal clinical conditions, the advisory panel continues to recommend it as the disinfectant of choice for neuraxial and peripheral nerve block techniques. Nevertheless, practitioners are advised to physically and temporally separate chlorhexidine from the block procedure itself. This implies allowing the solution to completely dry prior to needle placement (2-3 minutes). Steps should be taken to avoid chlorhexidine contamination of the block tray and/or drugs intended for intrathecal administration, as might occur from splashing or dripping the disinfectant, disposal of the applicator device near the block setup area, or pouring liquid chlorhexidine into receptacles where it could be mistaken for other drugs.
Recommendations regarding CES, local anesthetic neurotoxicity, and arachnoiditis are presented in Table 5 . These recommendations are intended to encourage optimal patient care, but cannot ensure the avoidance of adverse outcomes. As with any practice advisory recommendation, these are subject to revision as knowledge advances regarding specific complications.
• Initial dosing or redosing of subarachnoid local anesthetic in excess of the maximum recommended dose may increase the risk of spinal cord or spinal nerve root neurotoxicity and should be avoided. 
Neuraxial Procedures on Anesthetized or Deeply Sedated Patients
"We define the anesthetized patient as one who is under general anesthesia. A deeply sedated patient is one who is sedated to the point of being unable to recognize and/or report any sensation that the physician would interpret as atypical during block placement." 3 In either case, the patient's state of wakefulness is insufficient to support cognizance of potentially deleterious events during the procedure. The appropriateness of performing regional anesthesia and interventional pain medicine procedures in unresponsive patients continues to be debated. Indeed, this topic is an outstanding example of how individuals of similar expertise can arrive at different recommendations after review of the same, albeit limited, data set. For example, some European experts endorse (particularly peripheral) regional blockade in anesthetized or deeply sedated patients, 159, 160 whereas the majority of North American experts advise against this practice in adult patients.
We previously reviewed the pathophysiology of this issue in detail. A substantial body of literature points to divergent descriptions of how patients report needle-to-spinal cord contact. Some reports describe paresthesia or abnormal sensation when a needle enters the spinal cord, especially if accompanied by injection; injury, if it occurred at all, often was associated with these warning signs. Conversely, there also exist reports of fully awake or minimally sedated patients who sustained neuraxial injury but reported no unusual sensations during needle placement. 2, 3 Thus, one may argue that because "the neuroanatomy of the spinal cord and its coverings cannot be consistently relied upon to provide warning or indication of needle or catheter-induced trauma," 2,161 so too wakefulness cannot be relied upon as critical to the detection of impending injury. Nevertheless, our 2008 practice advisory categorized wakefulness as a potentially useful monitoring tool when used during adult, but not pediatric, neuraxial anesthesia, or pain medicine procedures. Importantly, wakefulness is not limited as a monitor of nerve injury but may also play a role in recognizing neuraxial-related complications such as high spinal anesthesia or evolving local anesthetic systemic toxicity. 30, 162 Neuraxial Anesthesia in the Anesthetized or Deeply Sedated Pediatric Patient Although the absolute risks in either scenario are unknown, as stated in our 2008 practice advisory, "the argument to perform neuraxial anesthesia in anesthetized or deeply sedated children is predicated on the likely higher risk of injuring a moving and/or uncooperative child during placement of a neuraxial-directed needle versus the (presumably) much lower risk of injuring the spinal cord even in the absence of patient feedback." 3 Emerging data from large-scale pediatric registries have strengthened the evidence base for our previous recommendation. These large registries-2 from the French-Language Society of Pediatric Anaesthesiologists 163, 164 and one each from the Association of Pediatric Anaesthetists of Great Britain and Ireland 165 and the (North American) Pediatric Regional Anesthesia Network (PRAN) 166, 167 -include more than 100,000 pediatric patients who underwent some form of regional anesthesia, with more than 95% of these procedures performed under general anesthesia. The strengths of these studies include their large numbers, relatively robust follow-up, and practitioner experience. The weaknesses include a large number of caudal anesthetics and admixing of an increasing number of peripheral nerve blocks. Nevertheless, overall analysis points to very few long-term neuraxial injuries, with an incidence similar to the "expected" 0 to 2 injuries per 10,000 blocks. Thus, performing neuraxial regional blockade in anesthetized pediatric patients does not appear to place these patients at increased risk of injury that is higher than baseline expectation. Indeed, there is some evidence that general anesthesia may reduce some injuries as compared with those recorded in awake children. 167 Nevertheless, these data should not be interpreted as a license to lower one's vigilance during these procedures. A case series described 3 permanent neuraxial injuries and 1 unrecognized high spinal anesthetic in children who had thoracic epidural anesthesia placed during general anesthesia by experienced pediatric anesthesiologists. 30 These cases emphasize that neuraxial procedures carry inherent risk regardless of patient wakefulness.
Neuraxial Anesthesia in the Anesthetized or Deeply Sedated Adult Patient
Just as new data are supportive of our previous recommendations regarding pediatric patients, our 2008 recommendation to not routinely perform neuraxial regional anesthesia in anesthetized or deeply sedated adults gained further support from the ASA Closed Claims project. 110 An analysis of injuries associated with cervical procedures for chronic pain noted that general anesthesia or deep sedation was used in 67% of those cervical procedure claims wherein the cervical spinal cord sustained injury, but only 19% of those cervical procedure claims that were not associated with cord injury. Of those patients who were nonresponsive during the cervical procedure, 25% sustained injury to their cervical spinal cord. This is compared with only 5% of responsive patients sustaining a cord injury associated with their These recommendations are intended to encourage optimal patient care, but cannot ensure the avoidance of adverse outcomes. As with any practice advisory recommendation, these are subject to revision as knowledge advances regarding specific complications.
• Monitoring and prevention: There are no data to support the concept that ultrasound guidance of needle placement reduces the risk of neuraxial injury in patients under general anesthesia or deep sedation. (Class II) • Adult neuraxis: Warning signs such as paresthesia or pain on injection of local anesthetic inconsistently herald needle contact with the spinal cord. Nevertheless, some patients do report warning signs of needle-to-neuraxis proximity. General anesthesia or deep sedation removes any ability for the patient to recognize and report warning signs. This suggests that neuraxial regional anesthesia or interventional pain medicine procedures should be performed rarely in adult patients whose sensorium is compromised by general anesthesia or deep sedation. Adult patients with specific conditions (eg, developmental delay, multiple bone trauma) may be appropriate exceptions to this recommendation after consideration of risk versus benefit. (Class III) • Pediatric neuraxis: The benefit of ensuring a cooperative and immobile infant or child likely outweighs the risk of performing neuraxial regional anesthesia in pediatric patients during general anesthesia or deep sedation. The overall risk of neuraxial anesthesia should be weighed against its expected benefit. (Class I)
*Anesthetized refers to patients under general anesthesia. Deep sedation is defined as the patient being sedated to the point of being unable to recognize and/or report any sensation that the physician would interpret as atypical during block placement.
Recommendations contained within Table 6 have been modified from our 2008 advisory. 3 Significant changes are in italics.
cervical procedure. While analysis of legal claims can establish neither incidence nor cause and effect, this information nevertheless suggests that conducting neuraxial procedures (at least around the cervical spine) in unresponsive patients may increase the likelihood of subsequent neuraxial injury. An often-misunderstood recommendation from our 2008 practice advisory was that interscalene blocks not be performed routinely in anesthetized or deeply sedated adults or children. We speculate that confusion on this topic occurred because the recommendation was based on medicolegal concerns rather than specific scientific evidence that interscalene blocks per se are more or less risky than other peripheral nerve blocks in anesthetized or deeply sedated patients. Our primary intent was to emphasize the existence of literature that describes cervical spinal cord injury in patients who underwent interscalene block during general anesthesia and sustained significant cervical spinal cord injury. 168 Whether general anesthesia was a contributor to these injuries will never be known with certainty, but a similar body of "plaintiff-friendly" literature does not exist for other blocks. In the interim since our last advisory, the PRAN registry reported no postoperative neurologic symptoms associated with 390 pediatric interscalene blocks (upper limit of 95% confidence interval, 0.77%). 169 This report appears to corroborate findings from recent pediatric regional anesthesia registries-that regional blocks in anesthetized or deeply sedated children may be no more risky that regional anesthesia in awake adults. However, the number of interscalene blocks reported in PRAN is insufficient for us to make a definitive recommendation on this issue.
Recommendations for performing procedures on anesthetized or deeply sedated patients are summarized in Table 6 .
Summary
This practice advisory offers additional information and recommendations on selected topics from our 2008 advisory. Despite this new information, our summary of the topic has not changed: "The pathophysiology of neuraxis injury associated with regional anesthesia and pain medicine procedures presumes that a mechanical, vascular, neurotoxic, or a combination insult has occurred. With the exception of epidural hematoma or abscess, the linkage of patient injury to a specific anesthetic procedure or perioperative event is mostly one of association rather than causation. Importantly, many of the factors that may contribute to neuraxis injury cannot be identified prospectively, which suggests that a large portion of these injuries are unpreventable based on our current knowledge. Fortunately, neuraxis injuries associated with regional anesthesia or pain medicine procedures are exceedingly rare." 
